. Partial I K1 -blockade destabilizes SW rotation dynamics through a combination of prolongation of the wave length, reduction of excitability and enhancement of electrotonic interactions, which facilitates termination of ventricular tachyarrhythmias.
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Background
Ventricular fibrillation/tachycardia (VF/VT) is a main cause of sudden cardiac death, and spiral wave (SW) reentry, which is also referred to as rotors, is a principal mechanism by which VF/VT is maintained (10, 18, 30) . Previous studies have reported that modulation of I K1 has profound effects on VF/VT and rotor dynamics in ventricles (4, 22) . Warren et al. (29) have shown that partial blockade of the inward rectifier K + current (I K1 ) by Ba 2+ decreases the dominant frequency of excitation and the number of coexisting rotors during VF, facilitating VF termination in Langendorff-perfused guinea pig hearts. Noujaim et al (15) . have investigated the rotor dynamics in a transgenic mouse model overexpressing Kir2.1 in cardiac-specific manner, and they have demonstrated that transgenic ventricles with I K1 upregulation accommodate stable rotors with high rotation frequency, which promotes to sustain long-lasting VF/VT. Mathematical simulations have demonstrated that I K1 upregulation shortens the action potential duration (APD) in the vicinity of the unexcited core and improves excitability during reentrant activity, synergy of which allows high-frequency rotors to stabilize (15) . In cultured monolayers of neonatal rat ventricular myocytes with regions of Kir2.1 gene modification, stable high-frequency rotors were induced with Kir2.1 overexpression, whereas lower frequency meandering rotors were observed with Kir2.1 dominant-negative suppression (24) . These results indicate that I K1 plays important roles in stabilizing SW reentry (9, 28).
It is well recognized that I K1 has critical roles in determining electrophysiological properties of cardiac myocytes (4, 14) . I K1 is the major transmembrane ionic current to hold the resting membrane potential (RMP) close to the equilibrium potential of K + to control electrical excitability. In addition, I K1 facilitates action potential (AP) repolarization predominantly in the terminal phase to influence the length of electrical refractoriness.
Besides these actions, I K1 is a major factor to regulate electrotonic interactions mediated by the local circuit current between abutting cardiac myocytes, because electrical membrane resistance at the RMP level is mainly determined by theconductance of I K1 .
Theoretical considerations suggest that alterations of electrotonic interactions between cardiac myocytes have significant influence on the SW rotation dynamics (11, 12, 27) . We have recently demonstrated, in isolated rabbit ventricular myocardium, that a pharmacological increase in gap junctional coupling destabilizes SW rotation, by inducing localized conduction block near the SW rotation center (25, 27) . However, the effects of I K1 blockade on electrotonic interactions and the dynamics of SW reentry have remained incompletely understood. We hypothesized that partial I K1 -blockade destabilizes the SW rotation center and facilitates termination of reentrant activity through mechanisms involving an enhancement of electrotonic interactions combined with prolongation of wavelength (WL) and reduction of membrane excitability. We tested this hypothesis in isolated 2-dimensional rabbit ventricles by high-resolution optical mapping.
Methods
The study conforms to the Guide for the Care and Use of Laboratory Animals, and the protocol was approved by the Institutional Animal Care and Use Committee at Nagoya University.
Optical mapping experiments
The procedures of optical mapping are essentially the same as reported previously (8, 31).
In brief, hearts were removed from anesthetized male Japanese white rabbits (2.0-2.4 kg, n=37) and perfused on a Langendorff apparatus at 37ºC with KR solution containing (in mM) mapping method was applied to analyze the VT dynamics (7). Phase singularity (PS), the organizing rotation center of SW reentry, was identified in each frame of consecutive 1,000
images, and total length of a path along which each PS traveled in a unit of time (PS trajectory length per 1,000 ms) was calculated by numerical integration (27) . Distant bipolar electrogram (ECG) was recorded to monitor the ventricular activity. BaCl 2 (10-50 µM) was added to the perfusate for 10 min to block I K1 partially.
Induction of VT and measurements of electrophysiological property
VT was induced by modified cross-field stimulation (n=26): a 20-V monophasic DC shock was applied to ventricles in a direction perpendicular to propagation of basic excitations (S 1 ) from the LV apex (basic cycle length, BCL, 400 ms) (8, 31). The S 1 -DC shock coupling interval was adjusted until sustained VT was induced. Electrotonic interactions via intercellular coupling were evaluated by the length constant in the myocardial tissue, as described previously (1, 25, 27) . In brief, a subthreshold cathodal stimulus was applied through a fine electrode and the exponential decay of electrotonic depolarization in the vicinity (0-2 mm) of the electrode was analyzed to obtain the space constant (n=5). In these experiments, the perfusate K + concentration was raised to 6 mM to reduce myocardial excitability.
Isolated tissue microelectrode experiments
APs were recorded under constant pacing (BCL, 1,000 ms) from isolated right ventricular (RV) papillary muscle preparations using conventional microelectrode technique (n=5). The preparations were superfused with KR solution at 32ºC, because electrophysiological properties of superfused preparations are better preserved at this temperature. Data were obtained before and after cumulative application of 10-50 µM Ba
2+
.
Statistical analyses
Data are presented as means±SEM. Analysis of variance followed by Bonferroni's test was used for multiple comparisons. Comparisons of data from the same and different rabbit were made using Student's paired and unpaired t-test, respectively. P<0.05 was considered statistically significant.
Results
Effect of Ba
2+
on VT cycle length and sustainability Sustained VT (lasting>5 min) was induced in Langendorff-perfused hearts by cross-field stimulation and Ba 2+ (10 or 50 µM) was added to the perfusate for 10 min to block I K1 partially. Figure 1 shows the rate of VT termination ( increased the percentage of VT termination (7 out of 10 hearts) and caused greater prolongation of VT cycle length from 126±4 (n=10) to 182±7 ms (n=3) at 10 min (P<0.05).
After Ba 2+ was washed out, VT cycle length returned toward the baseline level before Ba After application of 10 µM Ba 2+ , VT cycle length was increased to 152 ms and finally VT terminated (Fig. 2D, top) . The length of the I-shaped FBL and corresponding PS trajectory (beat b) was increased compared to the baseline (Fig. 2E, b) . Conduction block occurred in the reentry circuit (beat c), which is shown by the PS moving toward the LV base ( Figure 3E shows the SW dynamics immediately before VT termination. The SW rotation pattern in beat d was similar to that in beat b, and conduction block occurred in beat e in the isthmus between the FBL and the atrioventricular groove, leading to VT termination. A time-space plot of PS trajectory exhibits circular/cycloidal PS meandering, followed by PS annihilation by collision with the anatomical boundary at the atrioventricular groove (Fig. 3F) .
Effects of Ba
2+ on SW dynamics
Am J Physiol, Heart Circ Physiol: H-00228-2016-R1 , indicating that the well-organized excitation pattern was maintained even after destabilization of SW rotation center (Fig. 4C ).
The length of FBL during SW reentry was also quantified before and after BaCl 2 application. When two successive isochrones of 4-ms intervals were superimposed at a single pixel (local CV<~3 cm/s), local conduction block was defined at that site (8). FBL immediately before SW termination during 10 or 50 µM Ba 2+ exposure was significantly longer (17.5±1.0 mm, n=11) than FBL during SW that was sustained after Ba 2+ application (9.6±1.4 mm, n=9, P<0.05, Fig. 4D ). There was a weak positive correlation between VT cycle length and FBL length during 10 or 50 µM Ba 2+ exposure (r=0.45, P=0.045, n=20, Fig. 4E ).
Essentially the same results were obtained with application of 50 µM Ba 2+ in a heart untreated with BDM, although large motion artefacts hampered detailed analysis of the excitation dynamics (data not shown). Because the absolute membrane potential cannot be obtained by optical mapping, we performed additional microelectrode experiments in isolated RV papillary muscles.
Effects of
Representative APs (BCL, 1,000 ms) before and after exposure to Ba 2+ are shown in Fig. 6A .
Consistent with the results from Langendorff-perfused hearts, Ba 2+ (10-50 µM) caused a dose-dependent APD prolongation in ventricular papillary muscles (Fig. 6B) . While Ba 
Effects of Ba
2+
on the space constant I K1 is a major determinant in regulation of the membrane resistance at the RMP level, and changes in the membrane resistance theoretically affect intercellular electrical interactions.
We measured the space constant before and after Ba 2+ application (Fig. 7) . The space constant is proportional to the square root of the ratio of membrane resistance/tissue resistance, and membrane resistance at the RMP level is mainly determined by the conductance of I K1 . Ba 
Discussion
The key observations from this study are summarized as follows. In addition, 50 µM Ba 2+ significantly increased the WL. The expansion of refractory tissue enhances wavefront-to-tail interactions at the SW tip, which may also contribute to the SW destabilization. Moreover, the SW dynamics is known to be affected by the influence of the unexcited core (9, 18, 28). Previous studies have reported that I K1 overexpression in a transgenic mouse model enhances electrotonic currents between unexcited cells in the core and active cells in its immediate vicinity and this reduces CV very close to the core, which helps establish a fast and stable rotor (15) . The higher concentration of Ba 2+ (50 µM) in this study potentially increases Ca 2+ currents and this effect would be expected to enhance SW destabilization by providing additional depolarizing currents.
Alterations of electrotonic interactions have significant influence on SW rotation (11, 12, 27) . Propagation of excitation waves in the hearts is affected by the geometry of the excitation wave front: when the wave front is convex, propagation velocity is reduced compared with that of a flat wave front (curvature effect). The curvature effect is modulated by alterations of electrical coupling between cardiac myocytes (11, 12, 27) . We have previously demonstrated that a pharmacological increase in gap junctional coupling enhances the curvature effect on excitation wave propagation and destabilizes SW rotation dynamics by inducing localized conduction block near the rotation center, where the SW front is strongly curved (25, 27) . In the present study, partial I K1 block by 50 µM Ba 2+ increased the space constant by 37%, indicating that electrotonic interactions between cardiac myocytes is enhanced. The diastolic membrane potential around the pivot point of SW reentry is expected to be depolarized compared with that in the spiral arm distant from the pivot point. It is possible that elevated diastolic potential would increase the space constant and thus exacerbate the curvature effect, which facilitates destabilization of SW rotation. The experimental data of the present and our previous studies (27) suggest that modification of electrotonic interactions have significant influence on excitation wave propagation around the pivot point of SW reentry, and then the FBL of SW reentry should be sensitive to the propagation direction in myocardium with anisotropy. The experimental data, however, showed that partial I K1 block by 10 µM Ba 
Clinical implications
The present study demonstrates that partial I K1 blockade by Ba 2+ facilitates termination of SW reentry by destabilizing the SW rotation dynamics in ventricular myocardium. Most of class III antiarrhythmic drugs (K + channel blockers) currently available prolongs the refractory period mainly blocking the rapid component of the delayed rectifier K + current (I Kr ).
We have previously shown that nifekalant, a selective I Kr blocker, produces SW destabilization leading to its early termination (31) . There is a remarkable difference in modification of functional reentry by Ba 2+ predominantly blocking late phase 3/terminal repolarization (I K1 blockade) and that by nifekalant prolonging the AP plateau and blocking early repolarization (I Kr blockade). The SW destabilization by nifekalant was associated with frequent SW breakup at the spiral arm away from its tip, resulting in the formation of new rotors. In contrast, the present study demonstrates that I K1 blockade by Ba 2+ destabilized the SW rotation center inducing linear or cycloidal/circular meandering without enhancing instability in the spiral arm that causes SW breakup. This is particularly important from a clinical point of view, suggesting that appropriate I K1 blockade facilitates VT termination with much less risk of degeneration into multiple-wavelet type VF as compared with currently available I Kr blockers.
It must be mentioned that excessive I K1 blockade is at risk of ventricular proarrhythmia by the focal mechanisms, such as depolarization-induced automaticity and triggered activity (14) . Warren et al (29) have documented very slow polymorphic VT in isolated guinea pig hearts after VF termination by application of 50 µM Ba
2+
. In addition, ventricular tachyarrhythmia is one of the classic triad of Andersen-Tawil syndrome that is associated with a loss-of-function mutation in the Kir2.1 channel subunit gene (KCNJ2) (20) . A recent simulation study, however, has shown that a gain-of-function mutation in KCNJ2 found in short QT syndrome type-3 patients increases vulnerability to ventricular reentry (3).
Pharmacological therapy for prevention of VF, which is targeted toward specific ionic currents, has proved unsatisfactory. Chloroquine is a widely-used antimalarial drug and is shown to be effective in suppression of ventricular and atrial tachyarrhythmias (6, 16, 17) .
Electrophysiological and molecular structure studies have revealed that chloroquine's antiarrhythmic actions are primarily attributed to its ability to block I K1 in cardiomyocytes (16, 17) . Recent researches have been focused on the development of new chemical compounds that selectively block I K1 (26) , and one of pentamidine analogues is reported to have highly I K1 -specific blocking potency without affecting other channel function and protein trafficking (23) . Nevertheless, I K1 -specific blockade may not be an ideal pharmacological antiarrhythmic approach because of the risk of proarrhythmia.
Study limitations
In the present study, Ba 2+ was added to the perfusate at low concentrations (10-50 µM) to block I K1 , because Ba 2+ is a strong blocker of I K1 (K ir 2 channels) with a 50%-inhibitory concentration (IC 50 ) of ~1-20 µM (13, 14) . Ba 2+ at higher concentrations is known to block other K + currents (IC 50 >100 µM), including the acetylcholine-activated K + current (K ir 3 channels) (2) and two-pore domain K + channels (K 2P channels) (5), although their contribution to electrophysiological properties of rabbit ventricular muscle is considered to be minimal.
I K1 has major roles in determining the RMP not only in cardiac myocytes but also in fibroblasts, which are electrically coupled by gap junctions (21) . The I K1 blockade-induced SW modification observed in the present study might be attributed in part to changes in the electrical load produced by coupling with fibroblasts. Experiments with cardiomyocyte-specific gene modification technology and/or mathematical simulations are required to evaluate this possibility.
Optical mapping experiments were performed in a thin layer of ventricular myocardium of isolated rabbit hearts, predominantly in the presence of an excitation-contraction decoupling agent. Careful attention must be payed to extrapolate the results of this study to intact human hearts which beat physiologically.
Conclusion
This study demonstrates that partial I K1 -blockade destabilizes SW reentry without inducing wave breakup through the synergy of prolongation of the wave length, reduction of excitability and enhancement of electrotonic interactions, which facilitates termination of reentrant ventricular arrhythmias. These results provide important insights into the dynamics of SW reentry and its control by interventions.
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